Cosmic Microwave Background temperature and polarization anisotropies from Planck have estimated lower value of the optical depth to reionization (τ ) compared to WMAP. A significant period in the reionization history, therefore falls within 6 < redshift(z) < 10 where overlap with the galaxies detected with Hubble Frontier Fields (HFF) program and independent estimation of neutral hydrogen in the inter galactic medium by Lyman-α observations becomes important. This overlap calls for an analysis of cosmic reionization which allows a direct combination of CMB and astrophysical measurements. For the first time we reconstruct reionization histories where the photoionization and recombination rates are assumed to be free-form using the Planck CMB (temperature and polarization anisotropies and lensing) and a selection of astrophysical data allowing underlying cosmological parameters to vary. This conservative approach removes model bias, explores degeneracies between reionization and other cosmological parameters in a framework that allows sharp to extended histories of reionization. We find that CMB and astrophysical datasets cannot agree if reionization process is sharp. In this joint estimation, we report a derived conservative constraint τ = 0.063 +0.005 +0.02 −0.013 −0.017 (68.3% and 95% C.L.). We find the duration of reionization, redshift interval between 10% ionization and nearly complete ionization, to be 2.4 < ∆ reion z < 11.9 at 95% C.L. We do not obtain any evidences for double reionization; and within allowed possibilities we find monotonic histories are preferred over other scenarios when CMB and astrophysical data are combined.
INTRODUCTION
The two cosmic transitions between ionized and neutral state for the hydrogen atom are imprinted in key astrophysical and cosmological observations. The first transition from ionized plasma to neutral state for atoms, cosmological recombination occurred around 13.8 billion of years ago (or equivalently at a redshift z ∼ 1100). After half a billion years, the hydrogen became ionized again during cosmic reionization, which followed the so called dark ages. Evidence for cosmic reionization comes from astrophysical measurements, such as the GunnPeterson test in high redshift quasars or the declining visibility of Lyman-α high redshift galaxies, and from cosmological observations as the large angular scale polarization pattern of CMB anisotropies. While astrophysical measurements mostly encode the central stage and the completion of cosmic reionization, the CMB anisotropy pattern is sensitive to its duration through the integrated optical depth τ , and marginally to its early stage.
The recent determination of the optical depth from Planck by assuming a nearly instantaneous transition for the ionization fraction [1] [2] [3] [4] [5] [6] has revealed a preference for lower values (τ Planck 2015 = 0.063 ± 0.014) compared to WMAP releases owing to the understanding of the Galactic dust contamination to microwave polarization at large angular scales. Recent works demonstrate that star forming galaxies detected till z 10 as a source of reionization offer a consistent scenario with this optical depth [7] . Observation of star forming galaxies at high redshifts (z ∼ 6 − 10), mainly with recent six cluster observations (Abell 2744, MACSJ0416, MACSJ0717, MACSJ1149, AbellS1063, Abell370) by Hubble Frontier Fields program [8] [9] [10] upto a limiting AB magnitude of 29, provides shape of UV luminosity densities that determine the ionizing photon emission history. On the other hand, Lyman-α observations such as the Gunn-Peterson optical depth [11, 12] , damping wings in quasar spectra [13] , Lyman-α emission in galaxies [14] [15] [16] [17] [18] [19] , ionized near zone around high redshift quasars [20, 21] provide measurement of remaining neutral hydrogen in the intergalactic medium (IGM) between redshift 5 − 8. Redshift overlap of HFF and Lyman-α observation and available CMB temperature and polarization power spectrum from Planck calls for a joint analysis in a model independent framework. Since physics describing cosmic reionization is partially degenerate with cosmological parameters [22] , it is important to perform this analysis by allowing the underlying cosmological model to vary as well (see [7, [23] [24] [25] [26] [27] [28] [29] [30] [31] for previous works in which all but the reionization parameters are kept fixed).
In this Letter we perform for the first time a joint analysis using general reionization history assuming flat ΛCDM model by using the Planck publicly available data in temperature, polarization angular power spectrum and lensing [2, 32] , complete HFF data compilation for UV luminosity densities and neutral hydrogen fraction measurements from Lyman-α observations. To directly constrain ionizing sources, we use solutions of ionization equation of hydrogen with allowing freedom in ionization and recombination rates as the histories instead of conventional free-electron fraction parametrization [22, [33] [34] [35] [36] [37] [38] [39] . Our analysis removes the model bias by using this generic construct. At the same time use of complete CMB data and freedom in the cosmological parameters exploits the degeneracies and provide conservative constraints.
CONSTRUCTION OF REIONIZATION HISTORY: THE FRAMEWORK
In order to model the reionization history in this analysis, we directly solve the reionization equation for the volume filling factor of ionized regions:
where the source termṅ ion is the ionizing photon production rate and is defined by the product of the UV luminosity density (ρ UV ), the photon production efficiency (ξ ion ) and the escape fraction (f esc ). We keep the magnitude averaged product log 10 f esc ξ ion = 24.85 which is consistent with other analyses [7, 28, 29, 40] . ρ UV is defined in different nodes and the nodes are allowed to vary between the conservative window of reionization, z = 5.5 − 30. The recombination time is usually defined as
3 using the clumping factor (C HII ), recombination coefficient (α B (T )), density of hydrogen atom ( n H ) and hydrogen (X p ) and helium abundances (Y p ). However in this work, instead of using this analytical form we allow t rec to be free as well in the same redshifts where ρ UV 's are defined. Different nodes are connected using Piecewise Cubic Hermite Interpolating Polynomial (PCHIP). Fixed nodes are located at z = 0, 5.5 and 30 and values of source and recombination terms are fixed to be consistent to best fit logarithmic double power law (see, Eq. (39) of [28] ) and also consistent with [41] . However as we allow the intermediate source and recombination terms to be free, values at fixed nodes do not limit our generic construct. We allow upto three nodes in this moving-bin reconstruction denoted as B1, B2 and B3 respectively and each node comes with three parameters, namely, the redshift (z int ), UV luminosity density (ρ int UV ) and the ratio of the recombination and the source term (R int ). For a minimal construct we also consider B0 where we impose at z = z int ,ṅ ion t rec = n H . The optical depth is given by the integral from onset of reionization (z begin ) till today :
, where σ Thomson is the Thomson scattering cross-section. We fuse our integrator with CAMB maintaining the standard treatment for Helium reionization. Our free form reconstruction allows a wide prior on the history of reionization and its physical parameters can be obtained in a post-processing.
DATASETS AND PRIORS
Three different datasets has been used in this work. For CMB we use the latest publicly available 2015 likelihoods in temperature, polarization and lensing (hereafter P15) [2, 32] . We use the full angular power spectrum data instead of a prior on optical depth, because the constraint on τ is model dependent [36, 37, 39, [42] [43] [44] and there exist non-negligible correlations between reionization history and other cosmological parameters [22] . For UV luminosity density, we use [7, 45] data spanning z ∼ 6 − 11 (denoted by UV) which were derived from Hubble Frontier Fields [9, 46] observations. The density is obtained by integrating the UV luminosity function by fitting Schechter function till a truncation magnitude of −17
1 . We also use direct Q HII constraints (denoted by QHII) from Gunn-Peterson optical depth data [12] , damping wings of quasars [13] and Lyman-α emission from galaxies [14] . These data cover a redshift range of 6 − 8 and thereby overlap with the UV density. We have results for three data combinations, viz. P15, P15+UV and P15+UV+QHII. Only for B3 we do not explore P15-only constraints owing to the inability of CMB to provide reasonable constraints in vastly degenerate parameter space. For B0 and B1 the intermediate redshift is allowed to vary between the entire range z = 5.5−30. For B2, we allow z The redshift ranges of B2 nodes are chosen in a way that the UV data can constrain the source term variation in the first node and the P15 constrains the tail end of the histories by constraining the integrated optical depth. Similarly, first two nodes of B3 are designed to capture any suppression or break in the power of the luminosity densities and the final node ranges as in the case of B2. Note that τ is a derived parameter in our framework. We allow Ω b h 2 , Ω CDM h 2 , θ, A s , n s and nuisance and calibration parameters in Planck likelihood to vary.
CONSTRAINTS AND CONCORDANCES
We obtain constraints using P15, P15+UV and P15+UV+QHII in single node minimal (B0), single node (B1), 2 nodes (B2) cases and P15+UV and P15+UV+QHII in three nodes (B3) case. In Table I provide the χ 2 eff /2 = − ln L and τ (with 95% uncertainties) in top and bottom rows in each cell respectively. It can be readily identified for B0 and B1, that allow monotonic histories, τ can be constrained with more than one order of magnitude better precision when astrophysical data from UV and UV+QHII are used with Planck compared to P15. In all the cases, mean values of optical depth increase when QHII constraints are used as they rule out incomplete reionization histories by z ∼ 6 and thereby discard low τ values. With the increase in degeneracy in B2, addition of UV and UV+QHII only improves the constraint by 50% compared to P15. Since in B2, the node that spans z = 12 − 30 is only constrained by P15, constraint in the direction of higher optical depth gets worse. In the combined analysis, as expected we find weaker constraints in B3 compared to B2. In this joint constraint, interestingly the measured optical depth for all cases remain completely consistent with Planck 2018 results. In [30] , using five (four star formation history parameters and clumping factor) and six (allowing f esc to vary alongside) parameters, the authors report the standard deviation of τ to be 0.0019 and 0.002 respectively, when all datasets are used. Note that in B2, that allows 6 parameters to describe the reionization, we find the 95% error to be ∼ 0.012 which is three times wider compared to [30] . The constraints become more conservative as our reconstructions allow more flexibilities compared to reionization history parametrization. In Fig. 1 we plot the samples from the MCMC analyses. After removing the burn-in samples we randomly select 500 samples and plot Q HII (top row) for all the cases. While B0 produces monotonic power law reionization histories, B1 allows extended and step like histories. B2 and B3 with extra nodes provide the scopes for non-monotonic and complex histories. P15 mainly constrains the integrated optical depth, therefore the ionization histories are not well constrained in all three cases (B0, B1 and B2). UV luminosity density constraints allow only a small subset of histories from P15 and the derived bounds on τ improve significantly in P15+UV. Plots indicate strong preference of monotonic ionization histories compared to other complex processes. Table I shows a χ 2 eff difference of ∼ 10 between B0 and B1 in the expense of one extra parameter which rules out B0. With increased number of parameters, B1, B2 and B3 resolve this tension and we find sufficient overlap between samples. The χ 2 eff difference also becomes insignificant for more than two nodes 2 . In the middle row of same figure, we plot corresponding source term, ρ UV as a function of redshift and on top we display the Ishigaki et. al. (2018) data points used. The luminosity densities at higher redshifts for B2 and B3 are not constrained well and therefore we plot samples only till z = 12. The importance of using the ρ UV constraints is evident as the sparseness of samples is significantly reduced. When QHII datasets are used, we find a preference of less red tilt in the ρ UV samples compared to P15+UV. In the bottom row of the same figure we plot the marginalized constraints on the optical depth. In all the cases the dominance of astrophysical datasets over CMB is evident. τ from P15+UV and P15+UV+QHII, as expected agree well in all cases except B0. With increase in nodes, we find bounds on τ are significantly relaxed in B2 and B3 as the tail end of the history is only constrained with CMB which in this free form framework provides higher flexibilities (see top row 2 Note that in some cases a model with more nodes finds χ 2 eff which is ∼ 1 worse than a model with less nodes. Since MCMC does not converge to a global best fit a minimizer routine is required. We do not use any global minimizer routine here as we mainly aim for the posterior probabilities. of the same figure) . In Fig. 2 we plot the constraints on ionizing photon production rate (ṅ ion ) as a function of redshift for P15+UV and P15+UV+QHII in B1, B2 and B3 cases as they provide consistent histories in these two combinations. Note that only with one flexible node, we can reconstruct the bounds onṅ ion in the entire epoch. In B1 although we have limited overlap of contours in these two combinations, B2 and B3 show complete consistency at all redshifts. Note that in the plots the redshift anḋ n ion ranges are kept different for better visibility. We find correlations between other background cosmological parameters (A s , n s , Ω m , H 0 ) with reionization optical depth. With spectral index such correlation has already been explored in [22] . Fig. 3 captures that correlation in our reionization framework B1 (left) and B2 (right). We find in the case of monotonic histories generated by B1, τ and n s are correlated when only CMB is used. Astrophysical data break this degeneracy and provide tighter constraint on the reionization histories and therefore on τ . However, B2 allows non-monotonic histories and also allow highly extended histories of ionization leading to higher values of optical depth. As we mentioned before, the tail end is only constrained by CMB which allows for higher τ values and therefore, even when UV and QHII are used, residual degeneracies exist in the high n s − τ direction. In Fig. 4 , we plot the 68.3% and 95% C.L. on the reionization histories for all the reconstructions using P15+UV+QHII combination. On top of the bounds, we plot Q HII data points from different observations. Note that we have not used all these points in our analysis. We however, find that constraints on the reconstructed history are consistent with other observations. In the joint analysis, we find tight constraints on the duration of reionization (∆ reion z 3 ). We define z 10 as the redshift for 10% ionization. For P15+UV+QHII data combination we find 9.5 < z 10 < 10, 8.9 < z 10 < 9.9, 8.8 < z 10 < 14.3 and 8.4 < z 10 < 17.9 for B0, B1, B2 and B3 respectively at 95% C.L. From the plot while it seems that the Lyman-α emission data from [14] is dragging the bounds to a fine tuned region and thereby tightening ∆ reion z constraints, it is not indeed true. We post processed the B3 chains from P15+UV with added Q HII constraint only at z = 6.1 and find marginal changes in duration (2.1 < ∆ reion z < 11.1). It is the combination of Q HII at z = 6.1 and the non-instantaneous decrease in ρ UV data that leads to this lower bound on the duration of reionization. In this framework we also reconstruct Constraints on the ionizing photon production date, nion as a function of redshift in single node (B1), 2 nodes (B2) and three nodes (B3) reconstructions using P15+UV and P15+UV+QHII combination. For B1 (top left) we plot between 6 < z < 30. For B2 (top right) we only plot between 6 < z < 12, within the prior range of the first node. For B3 (bottom) we only plot between 6 < z < 8 and 8 < z < 12, within the prior range of the first two nodes. The correlation between these two parameters can be broken to a significant extent when astrophysical data are used. However, complex histories that B2 offers, will still have some residual correlation even in a joint study. The empty gray contours correspond to baseline Tanh reionization for P15.
the clumping factor at different redshifts since the term t rec is dependent on clumping factor and recombination coefficient in the conventional framework. Here assuming IGM temperature to be 2×10 4 K, we find C HII 3 within 6 < z < 8 and monotonically increasing with decrease in redshift. This result is completely consistent with parametric C HII = 2.9 1+z 6 −1.1 fit to simulation [47] . We expect that this bound may further relax if f esc ξ ion is allowed to be free 4 . UV luminosity densities obtained from different truncation magnitudes may also degrade the constraints to some extent.
CONCLUSION
In this analysis we reconstruct the history of reionization using one to 8 extra parameters compared to the conventional Tanh parametrization in the free electron fraction with only τ or z re as free parameter. The parameters in our free form history reconstruction are the redshifts at the nodes, the source term (ṅ ion ) and the recombination time t rec at those redshifts. Our framework allows sharp to highly extended reionization histories that also involves non-monotonic changes in the ionization fraction. We use CMB and selected astrophysical data to reconstruct the evolution of the ionization fraction.
Below we summarize the main results of our analysis: for P15+UV+QHII data combination. We find no support in constructing the history beyond 2 nodes reconstruction. We report constraints at 95% C.L. on z 10 (redshift when reionization is 10% complete) to be 9.5 < z 10 < 10 (one node with varying only ionizing source term), 8.9 < z 10 < 9.9 (one node), 8.8 < z 10 < 14.3 (two nodes) and 8.4 < z 10 < 17.9 (three nodes). Therefore the duration of reionization is constrained to be 2.4 < ∆ reion z < 11.9 in the conservative case. Post-processing the chains from P15+UV using just the constraint of completion of reionization at z ∼ 6 reveals 2.1 < ∆ reion z < 11.1.
2. There are no evidences for non-monotonic or multistep reionization histories, though these histories are neither excluded by the data. Note that one node, by construction allows only monotonic histories while two and three nodes can allow one and two intermediate breaks in the increasing ionization fraction. Allowing all these possibilities, we find P15+UV+QHII combination favors monotonic ionization histories over others in both two and three node reconstructions.
3. UV luminosity density provide tighter bounds on the Thomson scattering optical depth compared to Planck 2015 datasets. In the most conservative case with three nodes, the combined datasets P15+UV+QHII constrain τ = 0.063
+0.02
−0.017 at 95% C.L. 4. Under our reconstruction framework, the minimal model does not provide a reasonable fit to the combined CMB data from Planck, UV luminosity density compilation by Ishigaki et. al. 2018 and neutral Hydrogen fraction measurements from Lyman-α observations. Extending the model by adding at least one extra parameter ameliorates this tension. As mentioned in the first point of our conclusion, we find significant improvement with only one extra parameter.
5. In this free form reionization history reconstruction using P15+UV+QHII combination, post-process of the samples reveals that clumping factor C HII 3 within redshift 6−8, assuming a IGM temperature of 20000K. A variation in log 10 f esc ξ ion will allow a wider range in C HII which is beyond the scope of this analysis.
6. We find that for simple monotonic models that can be described by a single intermediate node, degeneracies between background cosmological parameters and reionization history parameters can be lifted completely with astrophysical data. Complex models however, allow certain histories that are beyond the reach of astrophysical observations and can be only constrained by integrated optical depth. In such cases residual degeneracies persist in the higher τ direction even in a joint analysis.
Our analysis opens up to conservative constraints which include astrophysical measurements with CMB on how reionization evolved. Use of complete CMB angular power spectrum and lensing data in this framework removes model bias, explores the complete degeneracies with background parameters and also allows astrophysical data to be used that breaks the degeneracies to a significant extent. With the release of Planck 2018 likelihood, this framework can be used more efficiently with competing constraints from CMB and astrophysical data.
